The SMARCA4 (also known as BRG1 in humans) chromatin remodeling factor is critical for establishing lineage-specific chromatin states during early mammalian development. However, the role of SMARCA4 in tissue-specific gene regulation during embryogenesis remains poorly defined. To investigate the genome-wide binding landscape of SMARCA4 in differentiating tissues, we engineered a Smarca4 FLAG knock-in mouse line. Using ChIP-seq, we identified~51,000 SMARCA4-associated regions across six embryonic mouse tissues (forebrain, hindbrain, neural tube, heart, limb, and face) at midgestation (E11.5). The majority of these regions was distal from promoters and showed dynamic occupancy, with most distal SMARCA4 sites (73%) confined to a single or limited subset of tissues. To further characterize these regions, we profiled active and repressive histone marks in the same tissues and examined the intersection of informative chromatin states and SMARCA4 binding. This revealed distinct classes of distal SMARCA4-associated elements characterized by activating and repressive chromatin signatures that were associated with tissue-specific up-or down-regulation of gene expression and relevant active/repressed biological pathways. We further demonstrate the predicted active regulatory properties of SMARCA4-associated elements by retrospective analysis of tissue-specific enhancers and direct testing of SMARCA4-bound regions in transgenic mouse assays. Our results indicate a dual active/repressive function of SMARCA4 at distal regulatory sequences in vivo and support its role in tissue-specific gene regulation during embryonic development.
[Supplemental material is available for this article.] SMARCA4, also known as BRG1 in humans, is a major catalytic subunit of the SWI/SNF chromatin remodeling complex (Saha et al. 2006) , which is involved in stem cell renewal and pluripotency (Ho et al. 2009; Kidder et al. 2009 ) and induction of lineage-specific gene programs (de la Serna et al. 2006; Ho and Crabtree 2010 ). An active role of SMARCA4 in cell fate determination has been reported in a broad range of differentiation programs such as neurogenesis (Bultman et al. 2000; Seo et al. 2005; Zhan et al. 2011; Yu et al. 2013) , erythropoiesis (Armstrong et al. 1998; Griffin et al. 2008; Kim et al. 2009 ), myogenesis (Simone et al. 2004; Zhang et al. 2011) , T cell (Zhao et al. 1998) , and heart development (Stankunas et al. 2008; Hang et al. 2010) . Its essential role during development has been further confirmed by targeted disruption of Smarca4 in mice resulting in embryonic lethality (Bultman et al. 2000) . In addition, germline mutations affecting normal SMARCA4 activity in vivo are associated with a number of developmental phenotypes (Bilodeau et al. 2006; Hang et al. 2010; Takeuchi et al. 2011) , and its role as a tumor suppressor is well documented in cancer (Decristofaro et al. 2001; Schneppenheim et al. 2010; Wilson and Roberts 2011; Robinson et al. 2012) . SMARCA4 control of gene expression occurs via both activation and repression of transcription (Battaglioli et al. 2002; Chi et al. 2002; Zhang et al. 2002; Ho et al. 2009; Hang et al. 2010; Zhan et al. 2011) , potentially through direct interaction between SMARCA4 and histone modification enzymes or transcription factors at gene promoters and distal regulatory elements (Battaglioli et al. 2002; Hassan et al. 2002; Seo et al. 2005; Chandrasekaran and Thompson 2007; Rada-Iglesias et al. 2011; Lee et al. 2012; Yu et al. 2013) . While genetic evidence from human and mouse studies indicates a critical role for SMARCA4 in multiple biological processes, the genome-wide binding profile and association of SMARCA4 with regulatory sequences in vivo remain poorly explored. In this study, we describe genome-wide maps of SMARCA4 binding in multiple embryonic mouse tissues, which revealed tissue-specific in vivo association of SMARCA4 with both active and repressive distant-acting regulatory sequences.
endogenous SMARCA4 protein carries a carboxy-terminal FLAG epitope ( Fig. 1; Supplemental Fig. S1 ) and where the Neo selection cassette was removed to prevent any interference with proper Smarca4 expression (Supplemental Fig. S1A ,C). Correct expression of the FLAG-tagged protein was detectable via Western blot (Supplemental Fig. S1E ), and ChIP-seq analysis of SMARCA4 FLAG targets in ESCs recapitulated previously reported endogenous SMARCA4 binding (Supplemental Fig. S2 ; Kidder et al. 2009 ). Following germline transmission of the engineered Smarca4 allele, heterozygous Smarca4 FLAG mice were intercrossed. Offspring had the expected Mendelian genotype ratios and no obvious phenotypes were observed in homozygous targeted mice, suggesting that the FLAG epitope does not interfere with normal function of SMARCA4 (Bultman et al. 2000; Bultman et al. 2005) .
To map SMARCA4 binding sites in vivo, we collected forebrain, hindbrain, neural tube, face, limb, and heart tissue from Smarca4 FLAG mouse embryos at embryonic day 11.5 (E11.5) and performed ChIP-seq, targeting the FLAG epitope ( Fig. 1; Methods) . Sequencing reads were mapped to the mouse genome (mm9) and SMARCA4 peaks were identified in each tissue. Across all six tissues we identified 51,204 sites, which rises to a total of 55,967 unique SMARCA4-enriched regions identified in the mouse genome when ESC peaks are included. Enriched regions within 1 kb of an annotated RefSeq or UCSC transcription start site (TSS) were classified as promoter-proximal (n = 14,513) and the remaining sites (n = 41,454) as distal ( Fig. 2A) . Distal SMARCA4-bound regions were strongly enriched for sequence regions exhibiting significant evolutionary constraint (Supplemental Fig. S3 ) with tissue-specific differences in relative constraint levels of SMARCA4-bound regions consistent with previous studies of distal enhancers (Blow et al. 2010; Nord et al. 2013) , suggesting that distal SMARCA4 binding occurs at regulatory elements.
To explore the dynamic properties of SMARCA4 in vivo, we characterized the tissue specificity of SMARCA4 binding sites across embryonic mouse tissues and ESCs. SMARCA4 enrichment at all merged SMARCA4 regions was scored for enrichment within each tissue based on coverage derived from the respective ChIP-seq data set (see Methods). For these analyses, we considered all E11.5 tissues and ESCs. We first examined promoter-associated (proximal) SMARCA4-bound regions and observed that the majority (82%) were enriched in $4 samples, with only 4% specific to a single tissue or to ESCs. In comparison to proximal SMARCA4 binding, distal regions bound by SMARCA4 across embryonic mouse tissues were highly tissue specific, with 73% exhibiting enrichment in #3 of the samples surveyed and 28% specific to a single tissue or to ESCs (Fig. 2B) . To illustrate these genome-wide patterns, we plotted SMARCA4 enrichment near TSSs (Fig. 2C ) and in distal regions (Fig. 2D ) across three representative tissues (forebrain, limb, and heart). These tissue-specific distal SMARCA4-bound regions are enriched near genes involved in expected tissue-specific biological processes and mouse phenotypes (Supplemental Tables S1-S3 ). This genome-wide analysis indicates that SMARCA4 is bound at both proximal and distal sites in the genome, but that distal SMARCA4 binding sites are more dynamic across tissues.
Recent in vitro observations indicate that SMARCA4 binding occurs at distal regulatory elements, including at enhancers Hu et al. 2011; Rada-Iglesias et al. 2011) . To test the in vivo regulatory capability of distal regions exhibiting enrichment of SMARCA4, we used an established transgenic mouse enhancer assay to examine 54 randomly chosen SMARCA4-bound candidate enhancer sequences. Each candidate sequence was cloned upstream of a minimal promoter driving the expression of a lacZ reporter gene, which was then used to generate embryos via pronuclear injection. Only patterns present in at least three independent E11.5 embryos were considered reproducible (Pennacchio et al. 2006; Visel et al. 2009) . Of the 54 sequences tested, 25 (46%) performed as enhancers in vivo, confirming that distal SMARCA4-bound regions can activate tissue-specific transcription in vivo ( Fig. 2E ; Supplemental Table S4 ). However, the correlation between SMARCA4 tissue-specific binding and tissue-specific in vivo enhancer activity observed in transgenic embryos (Supplemental Fig. S4 ) was much weaker than for other marks of active enhancers such as EP300 (Visel et al. 2009 ). This is further observed in a retrospective analysis of all tested sequences (n = 1747) published on the VISTA Enhancer Browser (http://enhancer.lbl.gov/; Visel et al. 2007 ) that are bound in any of the analyzed tissues by SMARCA4 (Supplemental Fig. S5 ). This indicates that while SMARCA4 binding occurs at developmental enhancers, it is not consistently associated with in vivo enhancer activity of the bound region in the matched tissue. This observation suggests that SMARCA4, rather than being universally associated with active enhancers, is associated with more complex tissue-specific regulatory chromatin states in vivo.
To functionally stratify the nature of the SMARCA4-bound regions and gain insights into their role in gene regulation in vivo, we generated ChIP-seq data for both activating (H3K4me3, H3K4me1, H3K27ac) and repressive histone marks (H3K27me3) in forebrain and limb tissues. We also used E11.5 forebrain and limb transcriptomes (RNA-seq data sets, Figure 1 . Overview of Smarca4 FLAG mouse generation and SMARCA4 binding site mapping in vivo. A knock-in mouse strain carrying a FLAG epitope at the carboxy terminus of SMARCA4 was engineered and used to perform ChIP-seq from a panel of embryonic tissues. For each ChIP-seq data set, the total number of identified enriched SMARCA4 regions is indicated near the corresponding coverage map (schematics).
see Methods) to correlate the chromatin state at SMARCA4 genomic loci with neighboring gene expression.
For proximal SMARCA4 regions (forebrain n = 10,737; limb n = 10,193; combined n = 11,234), we observed that almost all (94% forebrain, 98% limb, 95% overall) regions are associated with H3K4me3, a hallmark of active promoters (Hon et al. 2009) . Two states at active proximal regions are further differentiated by the presence or absence of the H3K27me3 histone modification as (1) active promoters (no H3K27me3) and (2) bivalent promoters (with H3K27me3) (Fig. 3A ,B; Supplemental Table S5 ; Bernstein et al. 2006; Mikkelsen et al. 2007) . Analysis of the level of expression and known function of the genes associated with proximal SMARCA4 regions revealed that predicted active promoters are associated with high levels of relative expression and strong enrichment for general/housekeeping functional terms. In comparison, predicted bivalent promoters show low levels of expression and are associated with tissue-specific developmental terms, consistent with previous studies (Fig. 3C,D ; Supplemental Fig. S6 ; Bernstein et al. 2006; Mikkelsen et al. 2007; Pan et al. 2007; Zhao et al. 2007 ). Overall, SMARCA4 enrichment is present at 89% of all forebrain and 79% of all limb promoters marked by H3K4me3 or H3K27me3. Interestingly, SMARCA4-enriched promoters show significantly increased levels of expression compared with promoters that are not bound by SMARCA4 for both active and bivalent classes (Supplemental Fig. S7 ).
For distal regions (forebrain n = 12,269; limb n = 6,918; combined n = 13,570), SMARCA4 enrichment is largely accompanied by H3K4me1 across both tissues (78% forebrain, 97% limb, 83% combined), suggesting that SMARCA4 distal regions are strongly enriched for regulatory regions. These sequences are further characterized by local enrichment patterns for H3K27ac and H3K27me3, and can be grouped into five classes: (1) isolated SMARCA4 binding with no associated histone marks, (2) latent class (H3K4me1), (3) active class (H3K4me1 with H3K27ac), (4) repressed class (H3K4me1 with H3K27me3), and (5) bivalent class (H3K4me1 with H3K27ac and H3K27me3) ( Fig. 4A-C ; Supplemental Table S6 ). Ontology analysis (McLean et al. 2010 ) revealed that active, repressed, and bivalent classes are strongly enriched for tissuespecific activated or repressed biological processes characteristic of forebrain or limb development (Fig. 4D) . Consistent with expectations based on histone modifications, expression of the nearest transcript is increased for the active class and decreased for the repressed class across both tissues. Isolated SMARCA4-enriched elements are also associated with significantly (forebrain) or suggestively (limb) decreased levels of expression (Fig. 4E,F) . Expression levels for latent and bivalent classes are not significantly different from mean levels in either tissue. We additionally examined classified distal forebrain and limb SMARCA4 regions for the presence of the enhancer-associated transcriptional co-activator EP300 using previously published data sets (Visel et al. 2009 ). In both tissues, the maximum enrichment levels for EP300 are observed in the active and bivalent classes (Supplemental Fig. S8 ), consistent with previous findings that EP300 marks tissue-specific in vivo enhancers (Visel et al. 2009 ) and with the predicted activity of the active (and bivalent) SMARCA4 classes.
In contrast to the overall SMARCA4 enrichment at promoter regions, SMARCA4 enrichment at distal putative regulatory elements, as identified by histone modification profiling, is present at lower frequency, with only 56% of forebrain and 21% of limb putative regulatory elements also enriched for SMARCA4. The difference between forebrain and limb is largely driven by an increased number of latent sites (H3K4me1) without evidence of SMARCA4 binding in limb (91%) versus forebrain (55%), which may be due to biological or technical differences. While there is suggestive evidence that within some classes SMARCA4-bound elements (e.g., bivalent limb elements) are associated with differ- Figure 3 . Proximal SMARCA4 enrichment is associated with active and bivalent promoters. (A,B) Heatmaps displaying coverage for SMARCA4 and informative histone marks (H3K4me3 and H3K27me3) for proximal regions. Each row of heatmap represents one enhancer, with coverage plotted across the 10 kb surrounding enrichment peak. SMARCA4 enrichment at proximal regions for forebrain (n = 10,737) (A) and limb (n = 10,193) (B). (C,D) Gene expression profile associated with SMARCA4 proximal regions classified as active or bivalent. RNA-seq data were generated for E11.5 forebrain and limb and the distribution of expression levels of the nearest gene was compared for SMARCA4-enriched regions in forebrain (C ) and limb (D).
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www.genome.org ences in expression or functional annotation compared to sites with similar histone modifications but no SMARCA4 binding, no consistent significant differences were observed (Supplemental Fig. S9) .
Intriguingly, local H3K27me3 enrichment profiles at both proximal and distal sites differed between forebrain and limb, with forebrain H3K27me3 binding exhibiting depletion directly at the SMARCA4 peak, whereas in limb no such localized depletion is evident (Figs. 3A,B, 4A,B) . Despite this difference, expression and ontology analysis of H3K27me3-enriched chromatin states were comparable between the tissues. For both TSS and distal regions, we observe significant differences in chromatin state at common forebrain and limb SMARCA4-enriched regions (Supplemental Figs. S10A,C, S11A,C). Where chromatin state differs between forebrain and limb at shared SMARCA4 sites, we observe differential gene expression and tissue-specific functional term enrichment consistent with the active/repressed state model (Supplemental Figs. S10B,D, S11B,D; Supplemental Table S7 ). Transcription associated with SMARCA4 regions that can be classified as active or repressed based on co-occurring histone marks. RNA-seq data were generated for E11.5 forebrain and limb and the distribution of expression levels of the nearest gene was compared for SMARCA4-enriched regions in forebrain (E ) and limb (F ) classified by histone signature.
To test the predictive value of our functional SMARCA4 classification in vivo, we overlapped all distal SMARCA4-enriched regions identified in the forebrain and limb with a set of 1747 mammalian noncoding sequences that were previously tested for in vivo enhancer activity in transgenic mice (http://enhancer. lbl.gov). A total of 220 forebrain and 180 limb distal SMARCA4-bound regions overlapped tested sequences representing all histone-derived regulatory classes (Supplemental Table 8 ). The predictive value of our model was supported by the observed correlation of chromatin state at SMARCA4-enriched regions and tissue-specific activity pattern of the previously identified enhancers for both forebrain and limb tissues ( Fig. 5A; Supplemental  Fig. S12 ). For example, among the 73 previously characterized in vivo enhancers overlapping predicted forebrain-active SMARCA4 elements, 35 (48%) indeed act as forebrain enhancers in vivo, while only 6/21 (29%) are active in forebrain in the predicted repressed SMARCA4 class. Overall, of the active and bivalent classes, all but bivalent forebrain enhancers (P-value = 0.06) were significantly enriched (P-value < 0.0005) for in vivo tissue-specific activity relative to background rates, whereas none of the latent or repressed classes significantly differed from background (Fisher's exact test for all significance estimates). Furthermore, in the retrospective analysis of the 54 elements initially tested for this study, only elements categorized as active or bivalent in forebrain or limb drove expression in the respective tissue.
To examine whether this retrospective analysis is consistent with forward predictions, we selected nine regions for testing in this transgenic reporter assay that exhibited SMARCA4 enrichment in forebrain and limb, but were predicted to be active in the forebrain and repressed in the limb. Of the nine sequences tested, four (44%) drove patterns in the forebrain and none drove expression in the limb (Supplemental Table 4 ). Representative SMARCA4-enriched distal regions exhibiting differential histone signatures in forebrain and limb are shown in Figure 5B . Taken together, this combination of retrospective and forward testing of in vivo functional activity corroborates the regulatory activity model derived from genome-wide analysis of SMARCA4.
Discussion
The SMARCA4 chromatin remodeling factor is required for normal development since its targeted deletion in mice causes embryonic lethality (Bultman et al. 2000 ), yet little has been known about its in vivo genomic targets and involvement in regulatory pathways during tissue ontogenesis. Here we report the generation of a knock-in mouse line where Smarca4 is tagged with a FLAG epitope, providing a novel tool for functional studies of SMARCA4 in vivo. Using tissues collected from a Smarca4 FLAG mouse line, we show that SMARCA4 interacts with gene promoters and distal enhancer sequences, with predominant binding to distal sequences as previously reported in SMARCA4 cell line studies (Ho et al. 2009; Euskirchen et al. 2011 ). SMARCA4-bound promoters are generally consistent across tissues, though we observed differential active and bivalent promoter chromatin signatures at proximal SMARCA4 regions that were correlated with gene function and expression. In contrast, distal SMARCA4 binding is highly dynamic and tissuespecific during development. We show that distal SMARCA4 binding occurs primarily at regulatory elements, and that these regions fall into characteristic chromatin states that are strongly associated with the activation or repression of tissue-specific developmental processes in vivo. We further demonstrate that expected tissue-specific active or inactive enhancer state corresponds to in vivo enhancer activity in transgenic mice. Unlike epigenomic markers that are singularly associated with active or Tissue-specific SMARCA4 binding during embryogenesis
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www.genome.org repressed regulatory elements or chromatin states, such as EP300 or H3K27me3, profiling SMARCA4-interacting regions identifies a complex combination of regulatory elements representing inactive, active, and repressed states. The integrative analysis presented here demonstrates that the combination of genome-wide SMARCA4 and histone modification data can be used to functionally characterize SMARCA4-bound regions, suggesting that the complexity of SMARCA4 activity during development can be made biologically interpretable via this approach. In this study, direct interrogation of heterogeneous tissues during development necessarily generates results across a variety of cell types, which can make interpretation of tissue-derived data difficult. However, our results suggest that this approach captures processes not recapitulated by examination of individual cell lines. The genomic patterns observed here were robust, even though we were not able to perform analysis of biological replicates due to the large amount of Smarca4 FLAG embryonic tissue initially required per experiment (Methods). Conclusions made from these genomic data sets represent initial findings that will be informed by future studies on the mechanism of Smarca4 function in developing tissues. Additionally, SMARCA4 enrichment is associated with turnover in histone modifications, as predicted to occur during transitions between active and repressed states. Combined with uncertainty regarding regulatory target genes, these factors could further confound relationships between gene expression, functional enrichment, and transgenic enhancer activity for chromatin-based classification of SMARCA4-bound elements. Despite these limitations, the patterns of embryonic SMARCA4 binding and correlated enhancer-associated histone modifications suggest that SMARCA4 is substantially involved both in activation and repression pathways during lineage differentiation and development.
While it remains to be demonstrated how exactly SMARCA4 binding is related to establishing and maintaining different chromatin states, the strong association of SMARCA4 with active, repressed, and bivalent chromatin signatures and corresponding functional gene classes and expression levels raises the possibility that SMARCA4 is required in these processes during development. Further studies will be required to resolve the mechanism and interacting proteins via which SMARCA4 contributes to establishing and maintaining chromatin states, to clarify whether SMARCA4-interacting distal regulatory targets lose or gain functionality in the absence of SMARCA4, and whether SMARCA4 itself plays a direct role in activation or repression. The early embryonic lethality associated with loss of SMARCA4 function suggests, however, that large-scale alterations of gene activation and repression drive genome-wide disruption of chromatin state mechanics associated with lineage differentiation. Understanding the tissue-specific genome-wide changes in chromatin structure driven by SMARCA4 activity, over time during development, will thus be critical toward understanding the role of SMARCA4 in development and disease (Nord et al. 2013 ). The genome-wide maps of in vivo SMARCA4 binding sites during development generated in this study provide a foundation for understanding the tissue-specific regulatory activity of this key protein.
Methods
All procedures of this study involving animals were reviewed and approved by the Animal Welfare and Research Committee at Lawrence Berkeley National Laboratory.
Smarca4 knock-in mice
To study the genome-wide binding profile of the SMARCA4 transcriptional coactivator during mouse development we generated a knock-in mouse strain in which 33FLAG tags were inserted into Smarca4 through homologous recombination in mouse ESCs. Briefly, we first introduced a ''33FLAG-stop codon'' cassette into a ploxPN2T targeting vector (Ahituv et al. 2007 ). Subsequently, a 59 long homology arm and a 39 short homology arm were cloned upstream and downstream, respectively, of the 33FLAG-stop codon cassette, to generate an in-frame Smarca4 FLAG allele (see primer list in Supplemental Table 9 ). The ''homology arms'' 33FLAG vector was then electroporated into W4/129S6 ES cells (Taconic) and recombination events were selected by treatment of cells with G418 (150 mg/mL) and 0.2 mM FIAU for 7 d. PCR screening for correct targeting was carried out on the surviving ES colonies as previously described (Ahituv et al. 2007) , followed by Neomycin cassette removal (Supplemental Fig.  S1B,C) . To verify accurate mRNA expression from the Smarca4 FLAG allele, RT-PCR was performed on Smarca4 FLAG +/À colonies and resulting RNA was checked by Sanger sequencing (Supplemental Fig. S1D ). Finally, Smarca4 FLAG positive ESCs were injected into C57BL/6J blastocysts and chimeras were obtained. Further breeding was carried out to ultimately obtain homozygous Smarca4 FLAG mice.
SMARCA4 Western blot

Smarca4
FLAG ESCs or mouse tissues were lysed in RIPA buffer (Sigma) in the presence of Protease Inhibitor cocktail (Sigma) for 1-2 h at 4°C with constant agitation. Standard Bradford protocol was then used to determine the protein concentration in each lysate. Protein was denatured and loaded on NuPAGE Novex 3%-8% Tris-Acetate gradient gel (Invitrogen) following the manufacturer's protocol. Following electrophoresis, protein transfer on PVDF membranes was achieved with the XCell II Blot Module (Invitrogen). FLAG detection was obtained by incubation of blocked PVDF membranes with ANTI-FLAG M2 monoclonal antibody-peroxidase conjugate (Sigma, A8592) for 30-60 min and staining with TMB Liquid Substrate solution (Sigma).
FLAG ChIP-seq FLAG ChIP-seq was performed on Smarca4 FLAG ESCs and E11.5 mouse embryonic tissues as previously described . Briefly, ESCs/tissues were cross-linked with 1% formaldehyde at room temperature for 15 min, incubated in lysis buffer and sonicated with a Bioruptor sonicator (Diagenode). Solubilized chromatin was incubated overnight at 4°C with 20 mg of mouse monoclonal anti-FLAG M2 antibody (Sigma, F1804) coupled to M-280 Sheep anti-Mouse IgG Dynabeads (Invitrogen). Immunoprecipitated chromatin was then purified by standard phenolchloroform extraction and DNA libraries were prepared with the Illumina TruSeq kit according to the manufacturer's protocol. Libraries were sequenced on an Illumina GA II or HiSeq 2000 instrument. DNA sequencing and sequence base calls were made using standard Illumina methods. Resulting 1 3 36-bp sequences were filtered to remove sequencing artifacts and adaptors and then mapped to the mouse genome (mm9) using the BWA algorithm (Li and Durbin 2009) .
BWA call bwa aln -t 6 -l 25 mm9 sample.fastq.gz Peaks were called using MACS (version 1.4) (Zhang et al. 2008) , with settings optimized for broad peaks.
MACS call macs14 -t chip.bam -control=input.bam -name=chip_output -format=BAM -gsize=mm -tsize=36 -bw=300 -mfold=10,30 -nolambda -nomodel -shiftsize=150 -p 0.00001
Input control libraries were generated and used for peak calling and downstream analysis for all except three data sets (hindbrain, face, and ESCs), which were run using the same parameters but with no input data set. Due to the substantial mouse breeding and tissue collection requirement for E11.5 FLAG ChIP-seq experiments, biological replicates were not performed. However, specific tissues were pooled to reduce effects of inter-individual biological variation, with an average of ;70-250 E11.5 embryos included per experiment depending on the analyzed tissue.
Histone ChIP-seq
ChIP-seq data sets for four histone marks (H3K4me1, H3K4me3, H3K27ac, and H3K27me3-Abcam ab8895, ab8580, ab4729, and Millipore 07-449, respectively) were generated for E11.5 limbs, while for E11.5 forebrain we produced ChIP-seq for H3K4me1, H3K4me3, and H3K27ac and used a previously generated H3K27ac data set (Nord et al. 2013) . Histone ChIP-seq was carried out using previously described protocols (Bernstein et al. 2006) . DNA libraries were prepared, sequenced, and analyzed as described for FLAG ChIP-seq. All histone data sets were generated with an input control.
RNA-seq
Mouse E11.5 forebrain and limb tissues were collected from normal CD-1 embryos and frozen. Poly(A) RNA was then extracted by the combined use of Ambion RNAqueous Kit (total RNA extraction) and MicroPoly(A)Purist [poly(A) RNA extraction]. RNA libraries were prepared with the Illumina TruSeq protocol according to the manufacturer's protocol for RNA-seq libraries. Short-read data were generated using the Illumina GA II sequencing platform. Reads were mapped to the mouse genome (NCBI37/mm9) using the TopHat pipeline with default parameters (Trapnell et al. 2012) , mapping both spliced and unspliced reads. Gene FPKM (fragments per kilobase of transcript per million reads sequenced) generated using Cufflinks, with all transcripts mapped back to known mm9 genes.
In vivo lacZ transgenesis
Candidate SMARCA4-enriched sequences were PCR amplified from mouse genomic DNA by PCR and cloned using the Gateway technology (Invitrogen) upstream of a minimal Hsp68 promoter driving the expression of a lacZ reporter (Kothary et al. 1988; Pennacchio et al. 2006) . Each construct was then injected into mouse fertilized eggs, implanted into pseudopregnant foster females, and F 0 embryos were collected at E11.5. Whole embryos were stained for lacZ activity and resulting patterns were evaluated for reproducibility: Only patterns observed in at least three different transgenic embryos were considered reproducible enhancers. Details of all transgenic experiments, including images of all transgenic embryos displaying annotated expression patterns, will be available at the VISTA Enhancer Browser (http://enhancer. lbl.gov/; Visel et al. 2007) and are reported in Supplemental Table 4 . For retrospective analysis, background rates of enhancer activity in any E11.5 tissue, and specifically in forebrain and limb, were estimated based on overall rates across the complete set of 1747 tested elements. In this retrospective analysis, estimated success rates should be interpreted on a relative scale rather than as an accurate absolute estimation, as these elements were selected based on other criteria (EP300 binding in tissues and/or high levels of evolutionary conservation).
Computational analyses of SMARCA4-enriched regions
Peaks identified across ESCs and the six E11.5 tissues (forebrain, limb, heart, neural tube, hindbrain, face) were merged, with the final regions representing the outermost summits of all component peaks (base position with the highest SMARCA4 enrichment) plus 1-kb flanking on each side. Enriched regions were classified as promoter-proximal if the region boundaries were within 1 kb of a TSS from the combined collection of UCSC and RefSeq genes (mm9). Within each enriched region, individual ChIP-seq data sets were examined for local enrichment. Where ChIP-seq coverage exceeded the 95th percentile of genomic background coverage across at least 250 bp of the enriched region and immediate flanking sequence, the specific region was scored as enriched. Use of different criteria for enrichment level and enriched region size produced generally consistent results. Genomic background was calculated via random sampling of mappable regions across 1 Mb total. Where available, coverage was corrected using matched input control data. For ChIP-seq data sets lacking an input control (ESCs, hindbrain, and face), SMARCA4 binding estimates may be overestimated and a higher false discovery rate of tissue-specific SMARCA4 elements is possible. Coverage heatmaps were generated by centering and scaling corrected ChIP-seq coverage using mean and standard deviation, and plotting normalized coverage across 10 kb centered on the SMARCA4-enriched region. Analysis was performed using standard computational tools (Li and Durbin 2009; Quinlan and Hall 2010) and custom R scripts for ChIP-seq enrichment analysis, which are available on request. Functional enrichment was performed using the GREAT tool (McLean et al. 2010 ) with default settings for distal regions and using the nearest TSS for proximal regions. Functional enrichment analysis showed strong enrichment for matched tissue-specific processes for all ChIP-seq data sets, including those lacking input controls.
We observed locally overlapping enrichment of both H3K27me3 and H3K27ac, two histone marks previously reported to be mutually exclusive (Rada-Iglesias et al. 2011) , at the majority of bivalent SMARCA4 elements in the limb but not forebrain (Figs. 3A,B, 4A,B) . We suspect that increased cellular heterogeneity of E11.5 limb tissue may drive this apparent difference, as we observe similar patterns for H3K27me3 at bivalent promoters and repressed distal sites. Regardless of the differences between forebrain and limb with respect to H3K27me3, expression and functional analysis of the relevant states (proximal bivalent and distal repressed and bivalent) is generally consistent between the tissues (Figs. 3, 4 ; Supplemental Figs. S10, S11).
Data access
All ChIP-seq data sets (FLAG and histones) have been submitted to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm. nih.gov/geo/) under accession number GSE37151.
